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ABSTRACT L7
10"

The method is based on measurement of phase invariant
of a three-harmonic wave and it has been proposed for electron density
measurement using artificial satellites. The effect of radio diffraction
of waves in ionospheric inhomogeneities on the fluctuation of the gas
rnd;ped/

invariant is examined. Discussed is the question of fluctuations of th

Doppler freauency difference on account of diffraction in random electron

concentration inhomogeneities. Estimate is given of the precision of

measurement by that method.

COVER -TO-COVER TRANSIATION

1. Phase Invariant Method

Some of the methods of ionosphere and interplanetary gas study

with the aid of artificial satellites and rockets have been considered



in a series of works [1—3]. In particular, there is cuestion of measure-
ment of electron concentration N (z,) at satellite's position and of the
integral electron concentration along the Earth's radius — ? N(g)dz.
0

Various effects may be used for the measurement of these parameters of the
ionosphere : Doppler frequency shift, effects linked with phase course
variations and group time lag in the ionosphere etc.. One thing is common
to these methods, and that is the exclusion of effects linked only with
the variation of geometrical parameters. It is shown in reference [3]
that the proposed methods lead to identical functional dependences of
the measured quantities on concentration of electrons.

It is proposed in the current work to use for the determination
of N (z) the variation of the phase invariant 5 in a three-harmonic wave
CL], The latter method, while giving in substance the same results as
the methods examined in [1 = 3], is simpler from the standpoint of the
estimate of fluctuations.

In the same approximstion as in [37), the phase invariant for a
plane three-harmonic wave propagating in the ionosphere, may be written

in the form:

I3 s 2 A2 2
5:%-'14—(?2: 2metho [gN(z)dz——
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0

When deriving this expression, we utilized the expression for the phase

)

course in a spherically-stratified ionosphere [3]:
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and we considered that o, == (eHy/mce) cos 7 < my; W) 0. The following

designations were used in the avove-presented expressions: Yo for the

phase of the carrier frequency Wys3 ¥ Pp for the oscillation phases
i

of wl, (..)2 ; X for the zenithal angle of the satellite. The frequencies

in the three-harmonic wave are linked by the correlation:
Wy — ) = oy — 0y = Aw,

The variation of the phase invariant at three-harmonic wave pro=-
pagation in the medium is conditioned by the dispersion. In the iono=-
sphere dispersion is caused by refractive index dependence on freauency
as well as by diffraction in random irhomogeneities of the refractive
index. The first cause leads to regular invariant phase variations as
a function of distance traveled by the wave in the medium. Diffraction
in random inhomogeneities provokes fluctuations of the phase invariant

Cs, 73.

It is necessary to render more precise the ascertaining of the

place of the proposed method in the series of other methods described

in literature. By comparison with the method utilizing the Faraday effect,
the methods based on the measurement of the Doppler shift of the reduced
difference of two coherent freaquencies, on the difference of group time

lag and of that o
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for their accuracy

is not influenced by satellite rotation and geomagnetic inhomogeneity.



In the method utilizing the Doppler frequency differences, measured is
the quantity
dd

N I/I = 1g¥ }— -
ar ‘{. (zn)k g/'>lt

g =1 d
+( XN_dz - ﬁ%’“—i YNZd")tgy"Ziﬂf
U U

which differs from G(N) [l] Simyltaneous measurement of dq>/dt and
6(N) (group lag time), all other conditions being identical, will allow

2y
a more accurate determination of N (z,) and {Ndz.
0.

2. Fluctuations of the Phase Invariant

The effect of measured quantities! fluctuations has not been
taken into account in all works known to us. It appears to be necessary
though to effect this accounting from the standpoint of the effect of
fluctuations on measurement precision, as well as with the object of stu-
dying the statistical structure of the ionosphere. As was already méntioned,
the estimate of phase invariant flﬁctuations may be made in a comparative-
1y simple way.

To estimate the intensity of fluctuatiéns of the phase invariant
of a three-harmonic wave propaga;ing in éhe ionosphere, it is necessary
to find the spectrum of the structural function of the phase invariant.
The spectrum of Fe' (% , 0) for the case of an arbitrary value of the
difference of wave numbers Ak =R, — k, =k, — k,:' may be obtained by the

same method as that used in [5, 6]:
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where L 1is the path over which the three-harmonic wave travels in
the medium, and QPN(x ,0) is the three-dimensional fluctuation spectrum
of electron concentration.

It may be seen from the above exﬁression that if e field of
fluctuations of electron concentration is locally-uniform and isotropic,
the field of fluctuations of the phase invariant (contrary to tropo-
sphere [6]) is also locally-uniform. The indicated distinction from the
troposphere case is linked with the dispersion of the index of refraction.
As was shown in CBJ, there are at present direct demonstrations of the
existence of turbulence in the lower ionosphere. Generally speaking,
turbulence in the E-region is not isotropic, while in the F-region the
character of inhomogeneities apparently differs substantially from the
locally-uniform turbulence. However, for the estimate of the order of

magnitude of fluctuations, we shall consider that

(.DN(Z‘, O) = 0,033 C%, [ _”'/3 (7'(_) <1 L Aok, ) (4)




Estimates of C%N from the analysis of various experimental data [8]

lead to the value 02N ~ 2,3 - 10}'l cm—20/3.

The inhomogeneity of the field of fluctuastions of the phase
invariant, linked with the effect of large-scale inhomogeneities, is
determined by the effects allowed for by geometrical optics. In subst-
ance, these effects may be related to the quantity being measured, and
they are automatically taken into account by formula (1). It follows
from the éxpression for the spe-trum (3) that the conditions of appli-
cability of geometrical optics has the form ‘ A and the
intensity of "small-scale" fluctuations is determined by the energy
included within the limits from »<& 2=(ANL)-%Z| to X .x © lhe con-
crete selection ofvthe value %] has no effect on the final results.

The intensity of '"small-scale" fluctuations is expressed by

the integral

b_~‘ aa
AR? = j Fg (7, 0) % dx. )

%

After a series of transformations we may obtain an expression conve-
nient for estimates
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The mean value of the phase invariant (measured value) is equal by

1.
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The relation

= - W2 12 (12 .
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characterises the excess of the measured value over fluctuations.
Compiled are in Table 1 the values of this relation for certain wave-

lengths O.:£30JA 34,03 )} and for distances from 200 to 2000 km.

TABIE 1
— —
o 30 M ‘ Iu l 0,3 x
| @ 1,7(1,0-:-10) l],;(w‘l +1,0), [1,7(1072 - 10- 1)
Ao ey - -
l K 4,0 . 13,5 39,0
: 8 (170022 10% | 17010 =109 | 1,7,0 = 10
N k 700 10%) | 1700 £ 16% | 17010 + 10)
_ 1 1,0 \ 4,0 11,0

It may be seen from that table that for a specific selection of
apparatus'! parameters one may realize the case, when the regular varia~
tions of the phase invariant do not exceed 23 , and the measured quan-
tity ?5 is by one order higher than the level of fluctuations. As was al-
ready reminded above, the effect of the F-layer was not taken into account
in our estimates, and thatis why the estimates brqught out in Table 1,
give only the orders of magnitudes. It is obvious that the effect of the
upper ionosphere layers may only lead to the rise of-ZRié. As to the
relation K, the form of iﬁs dependence on I may vary substantially.

For the construction of apparstus designed for measurement of the

phase invariant in a three-harmonic wave, it is necessary to note, that




the phase difference of two oscillations, of which one is obtained
during the shift of carrier and lateral oscillations, and the other
at the shift of the carrier and the other lateral oscillation (also
a difference freouency)’is a ouantity proportional to the phase inva-

riant.

3., Fluctuations of the Reduced Difference

of Doppler Frequencies

Let us consider the question of the effect of turbulent inho-
mogemeities on the measurement precision of the Doppler shift of the
differenée of two coherent frequencies.

The structursl function of the reduced difference of phases

has the form:

D) =T{{me(p, Ly — noyo, L)] — [mey0, LY — 1 90, L)} = o
= m*Ag} — 2mn B¢ A, + n*Agl, |

where

A2 = %, 4(0, L) —1%,,(0,L)]* ;
A?IA(Pi = ‘@l .";.L) - (‘5‘(0, L)l l"?.!(‘o) L) - r.5‘1(0) L)P!

ﬂj}ﬁgbeing the phase fluctuation in the plane x =1 at a distance
from the axis x, and mo, = ne, = .
The two-dimensional spectrum of the phase reduced difference

has the form:

oo/ ee
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In the use of the coherent frequency method for the determina-
tion of electron concentration in the ionosphere, one generally measu-
res the derivative in time from the reduced difference of phases, for
the reduced phase difference itself is not single-valued (it varies
within limits much greater than 2%X). To éompute fluctuation of that
guantity it is neces:ary to know the time spectrum of reduced difference
of phases.. The simplest way to find the temporal fluctuations is to
make use of the hypothesis of "frozen turbulence". The time spectrum of
the reduced difference of phases may be found from the spatial spectrum.
When utilizing the hypothesis of "frozen turbulence" it is necessary to
also account for drift of inhomogeneities in the ionosphere and the
motion velocity of the satellite in the direction perpendicular to the
line stallite— observer. Because satellite velocity greatly exceeds
that of inhomogeneities! drift in the ionosphere, mainly the fluctautions
related to satellite's motion will have effect. At the same time, the
problem is considered in the same approximation as in (5], i.e. there is

ouestion of flat (plane) wave propagation in an infinite turbulent medium.
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The fluctustions of the reduced differenée of phases lead to the blurring
of the spectral line of the reduced Doppler freouency difference.

The problem of interest to us on the measurement precision of
the Doppler shift of coherent freauencies' reduced difference is equiva-
lent to the problem of study of generator's spectral line, blurred on
account of fluctustion frequency [9, 10]. Thus, there is guestion of the

shape of oscillation's spectral line of the form
3 ,
V(t) = Acos [yt +a(t)]; alf)= ‘s M(R)dE, (11)
. )

where A is the amplitude, vg is the measured reduced difference of fre=-
quencies, o (t) is the random phase, Av(t) — freguency fluctuations.
Generally speaking, the process &(t) is not stationary on account of
field inhomogeneity of the reduced difference of phases. Nevertheless,

if one takes into account the finiteness of observation time, or reduces
the frequencies near zero, as this was done in [11], it is possible to
make use of resulté obtained in the above-mentioned works for the esti-
mate of the width of the considered process! spectral line. It is well
known [[9], that when the spectral density of frequency & (f) fluctuations
at f = 0 is gzero, the formation of finite width of the line will not
take place, and the problem will be reduced to the separation of the mono-
chromatic line from noises. It may be shown, that the spectral density of
fluctuations of the reduced difference of frequencies near zero is pro-
portional to f-2/3. This means that the spectral line will have a finite
width, and for the determination of the difference of Doppler freouencies

it is necessary to determine the maximum position in the spectrum y (t).




ll.

One may use the following expression [10] for the estimate of the

width of the spectrsl line:
Af =B ()27, (12)

where B, (t) is the correlation function of fluctuations of the dif-
ference of reduced freguencies.

Therefore, we are interested in the mean scuare of fluctuations
of reduced frequencies'!' difference. We shall show, that knowing the
two-dimensional spectrum of phases' reduced difference, we may find the
two-dimensional spectrum of fregquency difference assuming the frozen
turbulence ﬁypothesis. Let us make use of the decomposition of the
locally~isotropic field of phsse difference fluctuations:

.S‘(r‘)z S(0, 0, 0) +5 ( , e""_’) dg(x);

oo

(13)
do (»)de* (x’) = 3(% - %" )P (x)dxndx’,

q%(K)is the threc-dimensional spectrum of the reduced difference of
phases. Let us assume that the inhomogeneities are shifted by the wind

in a transverse direction relative to the course (to the axis x) of the

-

direction with a velocity LA Then the temporal fluctustions of phase
difference may be considered with the aid of (13), provided we substitute

in that expression y by vyt and z by v3t:

S(xl: 'vzt v, t) = S‘(O) -~ s (1 ”’lxle“‘n"n
- 4y

%, = (1, 13).

F
)u’o(v),




12,

Let us differentiate the fluctuations of phase difference in time :
AV(X,, Vot, Uyf) - [ in,0,) €% o0t gy (), (18).

Returning to old variables, we shall obtain the decomposition of the

fi d of fluctuations of the reduced phase difference:

M) = = | i(%,9,) e do(). - (16)

— 00

the field AV(r) is uniform, butenisotropic. Let us determine the corre-

lation function AV:

B (p) = M)A (r —g) = [ (%,0,)0,(x) €™* ., (17),
It follows from that expression that is the three-

dimensional spectrum of fluctuations of the reduced frequenciest'! difference.

Let us introduce for consideration the two-dimensional spectrum of

of fluctuations of the reduced Doppler freauency difference:

o0

F4(2y, 3, Xy) =_f Py (%) eh’l."fl dry. (18)

—_—

In particular,

Fay(xa, %3, 0) = ( D (%) (x,0,)2d%, = (%,0,) F (%, %3, 0), (19)

—_u

where Fg (), 13,0) is the two-dimensional specirum of the reduced phase

)

difference, (_A_,)" =B, (0)=2 $ (2,9,) % Fy(ny, 2y, 0) duy dr.,. (20}

Let us find the time spectrum of fluctuations @ (f). Conside-
ring the correlation function AY(7) in the plane x = L and assuming -

we shall consider the function to be the correlation
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function of fluctuations Av(r,t) [5] Introducing the spectrsl density
of the process
2 R.(x) e ds,

we find:

wWo( f) = 25 B, (vn 7) g iwt dt =9 S (x"@n)ps(zz' %5, 0) 2i*n%" dr dx,,,

since

1 n '. . P
Bv (P)~ : 2-1: 5’ ('N'nvn)zem'p e“-[.‘qx‘ Fs(z2) 7‘3) x!) dx dxl =

o 1) .
= 5' (5(,,,‘0,,)2 Fs("z, %3, p,) ei“nP dxn‘
We finally obtain:
o« j .
W, (f) = 4= | 3o — v,%,) Fi(x,, 0) (,9,)" dn,. (22)

For the sake of simplicity let us assume that v, 1s directed

along the axis y. Then, integrating along x5, we shall find:

' 8z w? w? 5 o 4
Wy (f) = Fs —2— + 7’3\ 0 dl:i - U):&'J(f))
v % .

n ’U”

for (see [5]):

8=

v

‘(n'l
Fs( ;2_']‘-12, O) dl:ws(f))

n n

where ws (f) is the spectral density of fluctuations of the reduced
difference of phases. This result may be fortold in advance, inasmuch as

we are considering the derivative of the process with stationary increments.
This derivative is a stationary process with a spectrum w(f) = 4= f2w (f),
where ws is the spectrum of the original process with stationary incre-

ments. Passing to polar coordinates, we find from the expression (20):



1k.

B.(0) = 272 | F(x, 0) widx. (23)
0 B

The estimate carried out according to formula (12) leads to the value
of the effective width of the spectral line Ar =12 c/s for the fre-
quencies fy 5 = 20 me/s and 4O me/s (L = 200 km, v =8kn sec -1,

Therefore, the measured spectral line in the frequency v_ may

g
result rather strongly blurred. The precision of Vg determination is thus
directly linked with the accuracy in the determination of the position of
the maximum in the spectrum &A,ﬁyand is determined by the apparatus
applied and the method of results of measurements' processing. Hence it
follows that error in the \’g measurement may be notebly decreased in
comparison with the quantity Af. By the order of msgnitude this is not
in contradiction with the available experimental data ElE].
A similar situation takes also place at measurement of i§.
The values of the relation G/L/iiﬁ‘ , brought out in Table 1, character-
ize the maximum fluctustions of ©, Depending upon the method of results of
measurement processing, the accuracy of € determination may be overrated.
In conclusion we may note, that a more detailed consideration of
the guastions touched upon will provide the possibility of utilizing the
above-examined experimental methods for the study of fluctuations in the

ionosphere.

Radiophysical Institute of Entered on 21 June 1961.
Scientific Research
at Gor'kiy University.
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